This paper discusses the conversion of nitric oxide (NO) with a low-temperature plasma induced by a catalytic packed-bed dielectric barrier discharge (DBD) reactor. Alumina oxide (Al 2 O 3 ), glass (SiO 2 ) and zirconium oxide (ZrO 2 ), three different spherical packed materials of the same size, were each present in the DBD reactor. The NO conversion under varying input voltage and specific energy density, and the effects of catalysts (titanium dioxide (TiO 2 ) and manganese oxide (MnO x ) coated on Al 2 O 3 ) on NO conversion were investigated. The experimental results showed that NO conversion was greatly enhanced in the presence of packed materials in the reactor, and the catalytic packed bed of MnO x /Al 2 O 3 showed better performance than that of TiO 2 /Al 2 O 3 . The surface and crystal structures of the materials and catalysts were characterized through scanning electron microscopy analysis. The final products were clearly observed by a Fourier transform infrared spectrometer and provided a better understanding of NO conversion.
Introduction
Nitric oxide (NO), one of the major pollutants emitted into the environment, results in acid rain and photochemical smog, which are causing increasingly serious problems to human health and the environment [1] . Conventional methods for NO treatment consist of dry and wet methods [2] [3] [4] . Dry methods are preferable in industrial applications [5] . Among the new dry methods, the dielectric barrier discharge (DBD) technique, as a good method of generating non-thermal plasma at atmosphere pressure, is one of the most attractive and promising NO removal techniques with a compact system, easy operations and stable discharge features [6] [7] [8] .
However, the DBD method has some limitations in terms of low energy yield and conversion efficiency. To improve the performance of the DBD technique, a considerable number of studies have been focused on the combination of DBD with a catalyst or packed bed for application in air pollutant treatment because those types of reactors can lead to enhanced decomposition performance with high-energy electrons, a decrease in energy consumption and the suppression of unwanted byproducts [9] [10] [11] . However, most of them have mainly been proposed and employed for volatile organic compounds (VOCs) degradation, carbon dioxide (CO 2 ) conversion, ammonia synthesis, the discharge characteristics and other physical properties [12] [13] [14] [15] [16] . Moreover, in these studies, the experiments were almost performed under static state or low flow rate conditions, which were considerably lower than the industrial gas exhaust rate. Few studies have paid attention to NO removal especially under a high flow rate. Moreover, the investigation of the synergetic effect of the combination of plasma with a catalyst and packed bed for the degradation of NO has also rarely been reported.
This work investigated a new catalytic packed-bed plasma process for the conversion of NO under a high flow rate by employing a DBD plasma reactor packed with TiO 2 (or MnO x ) nanoparticle coated on γ-alumina pellets. The difference among six kinds of reactors (no packed material reactor, Al 2 O 3 packed bed reactor, SiO 2 packed bed reactor, ZrO 2 packed bed reactor, TiO 2 /Al 2 O 3 packed bed reactor and MnO x /Al 2 O 3 packed bed reactor) was compared in terms of energy density (ED), inlet concentration and the decomposition efficiency of NO.
Furthermore, we evaluated the characteristics of the packed materials and catalysts to reveal their synergetic effect and mechanism. Finally, the by-products and mechanism of NO abatement were analyzed. The results can provide useful information and suggestions on treating NO in industrial applications. Figure 1 shows a schematic of the laboratory-scale experimental setup. The system consisted of a continuous-flow gas generation system, a laboratory-scale catalytic packed-bed DBD reactor and a gas detection system. The inlet gas was mixed in a gas blender and a buffer chamber from a compressed N 2 (purity>99.999%) and NO (purity>99.999%) cylinder controlled by a mass flow controller (Horiba Stec-4400, JPN). An anemometer (AMFLO, R11G-DKG-63-11, CN) was applied to adjust the gas flow rate. The discharge was powered by an AC high-voltage (HV) power supply connected to an HV electrode. After the gas flowed into the DBD reactor, an online gas detector (Testo 350, GER) and a Fourier transform infrared spectrometer (FTIR 850, Tianjin Gangdong Co., CN) were used to observe and analyze the outlet gas composition and concentration. All experiments were performed under the same temperature and level of humidity.
Experimental section

Experimental setup and reagents
As shown in figure 1 , the plasma was generated in a coaxial DBD reactor made with two quartz tubes (with an inner diameter 8.2 mm and an outer diameter of 28.2 mm, respectively). A discharge zone of 17.2 cm 3 was formed between the inner HV electrode (graphite, with a length of 300 mm) and the outer grounded electrode (aluminum foil, with an outer diameter of 30 mm and a length of 30 mm). Different kinds of spherical materials with the same diameter of 6 mm were packed evenly in the discharge area.
Electrical measurements
A self-made HV generator was employed with a sinusoidal alternating voltage source that varies from 5-20 kV and a frequency ranging from 20-100 kHz. The discharge power was measured via the voltage-charge Lissajous figure. The applied voltage was measured with a 1000:1 voltage divider HV probe (Tektronix P6015A, USA) connected to a digital phosphor oscilloscope (Tektronix, TDS2024B, 200 MHz, 2 G s −1 , USA). The current was obtained by measuring the voltage of a resistor (50 Ω), and the Lissajous figure was measured at the discharge electrode and 0.47 μF equivalent capacitor.
The average power was calculated from the timedependent voltage and current curves over one pulse duration. The calculations are as follows: Figure 1 . Schematic of the experimental setup.
where T is the pulse duration; C represents the capacitor; and V(t) and i(t) are the applied voltage and input current, respectively.
Materials and catalysts preparation
The support materials of γ-Al 2 O 3 , SiO 2 and ZrO 2 were purchased and sieved in the form of ∼6 mm pellets. After dipping in distilled water for 24 h and drying at 80°C for 3 h (heating rate 1°C/min). The TiO 2 /Al 2 O 3 and MnO x /Al 2 O 3 catalysts were prepared using conventional wet impregnation techniques using pelletized γ-Al 2 O 3 support. The following precursor aqueous solution were used: N-butyl titanate (C 16 H 36 O 4 Ti) (Sinopharm Group, >99 wt%) and manganous acetate tetrahydrate (MnC 4 H 5 O 4 ·4H 2 O) (Aladdin, >99 wt%). Prior to impregnation, the Al 2 O 3 pellets were dipped in distilled water and dried at 80°C for 3 h. The impregnations were performed by mixing Al 2 O 3 materials and precursors for 24 h with continuous stirring. Then the samples were dried at 80°C for 3 h and finally calcined at 500°C for 3 h in a muffle furnace. All the above procures were performed three times. The loading amounts of TiO 2 and MnO x were 2.4 wt% and 3.1 wt%, respectively.
The specific surface area, pore volume and pore size distribution of these materials were measured by the BET (Quantachrome, Nova 1200e, AUTOSORB-IQ, USA) method, and the relative dielectric constants of these materials and catalysts were measured by a third-party authorized supplier via a broadband dielectric impedance spectrometer (Novocontrol, Ger) (corresponding testing conditions: 25°C, frequency 5-20 kHz). The properties of materials are listed in table 1.
Analysis methods
The NO conversion efficiency and ED are defined as follows:
NO conversion efficiency (η NO ):
where NO in and NO out are the inlet and outlet concentrations of NO (mg/m 3 ), respectively; Q is the gas flow rate (L/s); P is the input power (W); and ED is the energy density (J/L). Figure 2 shows the relationship between NO conversion efficiency and applied voltage when no materials or catalysts were packed in the reactor. Three different initial concentrations of NO were tested, namely, (1) 367 mg m −3
Results and discussion
Effects of applied voltage and inlet concentration
; (2) 1102 mg m −3 ; (3) 1837 mg m −3 . The applied voltage varied from 3-11 kV. The flow rate of the inlet gas was set at 20 L min −1 . Figure 2 displays the variation in NO conversion efficiency versus the applied voltage. The applied voltage affected the energy density of the system directly, and eventually led to the change in NO conversion efficiency. When the applied voltage increased, the discharge power and ED of the system increased gradually. ED, as the ratio of power to gas flow rate, is a linear function with power consumed under a constant gas flow rate. The electric field of the system increased, and the number of high-energy electrons and particles also increased exponentially, thus resulting in the high probability of a collision between the NO molecules and electrons.
Because the quantities of high-energy electrons did not vary significantly under the same applied voltage, the NO conversion depended on the ratio of active particles to NO molecules with an increase in inlet NO concentration. As the inlet concentration increased, the probability of collision for each NO molecule decreased. Therefore, the conversion efficiency decreased.
Effects of packed materials
3.2.1. Characterization of packed materials by scanning electron microscopy (SEM) analysis. The surface and morphology of packed material samples were observed using a scanning electron microscope (Phenom Prox, Netherlands). The SEM patterns are showed in figure 3 . All the images were obtained at a ratio of 5000 to the original size of materials. The SEM analysis pattern showed that the Al 2 O 3 material had the highest pore volume, followed by the ZrO 2 material, and the SiO 2 material showed the smoothest surface. . The SiO 2 and ZrO 2 materials did not show better performance than that when no material was packed in the reactor. Different materials showed varying influences on NO conversion because of the different pore volumes, relative dielectric constants, surface areas and electrical conductivities.
When no material was packed in the reactor, discharge crossed the gap from the inner HV electrode to the dielectric surface. However, the discharge tracks could not be the same as those when materials were packed in the DBD reactor. The electric field of the system was changed or modified by the materials packed in the reactor [17] , and filamentary discharges were generated among the gaps of the pellet surface, thereby weakening the entire electric field. Accordingly, the packed materials in the DBD might have a negative influence on NO conversion to some degree, but the V-I curves did not show a large difference between the Al 2 O 3 -packed DBD and the no-material-packed DBD, which indicated the discharge curves in Patil's research [18] . The reasons for this phenomenon might be as follows: Firstly, Al 2 O 3 materials can improve NO conversion because of its pore structure (as shown in table 1 and figure 3) , which enlarged the discharge surface to a certain extent. The pore structure of the materials could promote the reaction. Al 2 O 3 materials with high porosity could absorb gaseous pollutants, which was also beneficial for NO conversion. By contrast, no obvious pore volume structure of SiO 2 and ZrO 2 materials was observed.
Secondly, Al 2 O 3 material-packed DBD gave the highest NO conversion because it had the highest surface area, which was proven to be useful. Generally, high-surface-area materials provide numerous active sites for reaction, thereby resulting in intensive plasma or a high frequency of DBD, and eventually improving the NO conversion efficiency.
Thirdly, for the relative dielectric constant of materials, the ZrO 2 material had a high-relative dielectric constant, while the no-material-packed DBD could be considered as packing a material with a relative dielectric constant of 1. The materials with high-relative-dielectric constant can be polarized and create an opposite internal electric field which can lower the electric field of the system [19] . The ZrO 2 and SiO 2 materials were nearly breakthrough and the sparks went through the inner space of the materials later, and led to the formation of a significant number of NO molecules. These materials were conductive with the elevation of temperature [20] , which also changed the energy of the system and decreased the NO conversion efficiency. . Figure 5 shows that MnO x /Al 2 O 3 had a better performance than TiO 2 /Al 2 O 3 under the same condition. The NO conversion efficiency could be improved from 56% to 84% with an ED of 330 J L −1 in the MnO x /Al 2 O 3 packed reactor, while the value is 75% in the TiO 2 /Al 2 O 3 reactor. The SEM patterns of these catalysts are shown in figure 6 .
Effect of catalysts
As our experiments were all performed under room temperature conditions, the catalysts did not show any activity and had no promotion effects on NO removal. However, NO could be converted by the DBD technique under the same condition. With materials packed (Al 2 O 3 ) in the DBD reactor, the NO conversion efficiency could be enhanced greatly. Moreover, when packing TiO 2 /Al 2 O 3 and MnO x /Al 2 O 3 catalysts, the TiO 2 /Al 2 O 3 catalyst showed no more NO conversion effects than the Al 2 O 3 materials, however, in the presence of MnO x /Al 2 O 3 catalyst, this kind of packed-bed DBD system showed the best effect on NO conversion. Thus, the MnO x /Al 2 O 3 catalyst played an important synergetic role in NO conversion in the combined DBD-catalyst method.
The synergetic effect could be explained as follows: firstly, the electric field of the system was strengthened with catalysts packed compared to the plasma alone system. However, compared to the TiO 2 /Al 2 O 3 catalyst, the MnO x /Al 2 O 3 catalyst showed better NO removal efficiency because the relative dielectric constant of TiO 2 /Al 2 O 3 shown in table 1 was higher than MnO x /Al 2 O 3 catalyst, which could lower the system's electric field. Secondly, as shown in the SEM images in figure 6 , it is possible that the absorption of the NO with catalysts could improve the NO removal efficiency. MnO x /Al 2 O 3 also played a better role than the catalyst TiO 2 /Al 2 O 3 in NO conversion because it had higher porosity. This higher porosity could help NO absorption and further conversion reaction. Thirdly, the promotion effects were also probably due to the long lived active species produced in the interaction of the catalyst and plasma [21, 22] . The MnO x /Al 2 O 3 catalyst has the capability of providing the vacancy of lattice oxygen to the reactant [23] [24] [25] . The presence of lattice oxygen has been proven to be vital in catalytic reactions [26, 27] , especially under the oxygen-free conditions in our research. With an oxygen-free supply in the catalytic reaction, the source of oxygen comes from the catalysts, that is, the oxygen that participates in the reaction is lattice oxygen [28] . As the lattice oxygen generated by the catalysts being consumed gradually, the limited amount of oxygen is not sufficient to continue the further reduction of NO, and therefore, the conversion efficiency would remain stable eventually. Fourthly, the electron structure of manganese is 3d 5 4s 2 , with seven valence electrons, and manganese has more variable valence states than Ti with more intermediate states of oxidizability [29, 30] , which could be beneficial for NO conversion [31] . Guo et al also found that different Mn valance states during the plasma discharge process also contributed to NO conversion [32] . Hence, the MnO x /Al 2 O 3 catalyst provided higher NO conversion efficiency.
Reaction mechanism
A fiber optic spectrometer was applied to obtain the N 2 emission spectrum to underlie the electrical field of our DBD reactor at atmosphere pressure.
The second positive system (C 3 ∏ u -B 3 ∏ g ) was considered as the characteristic spectrum of nitrogen, and the characteristic line was located at 337 nm. During the plasma process, the typical electron temperature ranged from 1 eV to 10 eV. The collision between high electrons and nitrogen molecules resulted in many intermediate states of nitrogen, such as N 2 (C 3 ∏ u ), and N 2 (B 3 ∏ g ). To generate N 2 (C 3 ∏ u ), the electron energy should be as high as 11.05 eV, whereas the energy needed for N 2 (B 3 ∏ g ) generation was more than 7.29 eV. With the transition of N 2 (
∏ g ), a characteristic spectrum with a wavelength of 337 nm was generated [33, 34] . Therefore, in view of the detection of N 2 (C 3 ∏ u -B 3 ∏ g ), the highest electron energy should be at least 11.05 eV. These high-energy particles were sufficient to break the bond of N ≡ N(9.76 eV), N-O(6.50 eV), HO-H(5.12 eV) and O-O(5.12 eV) [35] [36] [37] [38] .
On the other hand, the studies showed that the energy of the lattice oxygen of manganese varies from 2-3.5 eV [39] , so the electron energy of our reaction system was also sufficient to keep the reaction activity of lattice oxygen in the NO conversion process.
For better understanding of NO conversion, the final products were observed by a Fourier transform infrared spectrometer (FTIR). NO 2 , N 2 O, HNO 3 and H 2 O were identified in the outlet gas, as showed in figure 7.
The NO conversion involved a series of reactions, such as primary initiation and secondary reaction. The primary reactions were caused by the attack of energy electrons on the N 2 , NO, H 2 O and O 2 molecules. Active species such as O·, N·, ·OH were generated during this process. The main reactions were as follows [35] [36] [37] [38] : The basic principle of chemical kinetics in the NO conversion process in the catalytic packed-bed DBD reactor is shown in figure 8 .
Conclusions
Our study mainly investigated NO conversion using a coaxial catalytic packed-bed DBD reactor. In this paper, the effects of three different spherical materials (alumina oxide, glass and zirconium oxide) packed in the reactor under varied input voltages and specific energy densities are discussed. The results showed that the packed Al 2 O 3 material provided the highest NO conversion because of its high pore volume and low relative dielectric constant. We further presented a comparison between TiO 2 and MnO x supported on the Al 2 O 3 surface under the same condition. MnO x /Al 2 O 3 played a better role than TiO 2 /Al 2 O 3 in NO conversion because manganese has more valence electrons.
